In this work, a modified Redlich-Kwong (βRK) 
Introduction
In recent years, attentions have been focused on supercritical fluid extraction because this method is potentially applicable in many processes such as food processing, mixture separation, caffeine removal from coffee, extraction of lipids, making fine particles by Rapid Expansion of Supercritical Solutions (RESS), etc. In comparison with the conventional extraction methods, supercritical fluid extraction leads to higher speed of extraction, easier separation of solvent and better recovery, and less solvent usage and waste generation. Among supercritical fluids, carbon dioxide is the most commonly used supercritical fluid because of nontoxic, nonflammable nature of carbon dioxide. Furthermore, carbon dioxide is relatively inexpensive and it has reasonable critical properties (Tc=304.2 K and Pc=73.8 bar) [1] [2] [3] [4] . The most important thermo-physical property in the supercritical extraction process is the solubility of solutes in supercritical fluid. To design optimized operating conditions, this property must be determined and modeled so that developing a reliable model for determining the solubility of solids in supercritical fluids is of importance. In general, the models for solubility calculation are classified into two different groups including theoretical models such as models based on the equations of state and empirical correlations such as density based equations. In the first group, different equations of state (EoS) along with various mixing rules are used. Among various types of EoSs, the cubic EoSs are widely used for calculation of solid solubility in supercritical fluid due to their flexibility and reliability and their proper speed of calculations [5] [6] [7] [8] [9] [10] [11] . However, cubic EOSs have a limited predictive capability. In addition, they are not accurate for complex systems such as the systems with associating or very heavy compounds [12] . In order to improve the accuracy of the results, an option is applying more complex equations of state based on the molecular theory of statistical mechanics (such as SAFT equation of state) or using more powerful mixing rules (such as Wong-Sandler mixing rule). In spite of considerable developments of theoretical equations of state (e.g. SAFT EOSs), their application is still limited because of their complexity and time consuming for calculation. Another way to overcome the above mentioned limitation is applying empirical models such as density-based models of Chrastil [13] , Méndez-Santiago-Teja [14] , Jafari Nejad et al. [15] for phase equilibrium calculation of the supercritical-solid systems. The parameters of these models are obtained based on the error minimization for proposed equations that are versus density of pure supercritical carbon dioxide, temperature and pressure. Although densitybased models does not have any theoretical bases, but they are applied in different applications because of their simplicity in the correlation of experimental data. The main disadvantages of this approach are its requirement to large amount of solubility data and its unconfident for extrapolation.
Many investigators were modeled the solubility of solids in supercritical carbon dioxide. Cheng et al. [1] used the SchmittReid and Giddings models to correlate the high-pressure solubility of phytosterol in supercritical carbon dioxide. They also used Me´ndez-Santiago and Teja density based models to fit the experimental data. Huang et al. [4] applied a correlation and a semi-empirical model to reproduce the solubility of 15 pharmaceutical compounds in supercritical carbon dioxide at various thermodynamic conditions. Housaindokht et al. [5] applied modified Peng-Robinson equation of state to correlate the solubility of solids in supercritical carbon dioxide. They also determined interaction parameters for these systems. Yazdizadeh et al. [6] applied the Peng-Robinson (PR) and the EsmaeilzadehRoshanfekr (ER) equations of state (EoSs) in combination with the van der Waals one (vdW1) and two (vdW2), Wong-Sandler (WS) and the co-volume dependent (CVD) fluid mixing rules to calculate the solubilities of 52 solids in supercritical carbon dioxide. Wang and Lin [7] presented a predictive model to determine the solubility of drugs in supercritical carbon dioxide. They used melting temperature and heat of fusion to calculate the fugacity of solid phase. They also used Peng-Robinson (PR) EoS to calculate the fugacity in fluid phases. Su [8] modeled the solubilities of solid solutes in carbon dioxide by using the predictive Soave-Redlich-Kwong (PSRK) equation of state. The results of this investigation showed that the PSRK EoS was a simple but a reliable model for solubility evaluation in supercritical fluid technology containing CO2-expanded organic solvents. Asgarpour et al. [8] 
In Eq. (1), f i is the fugacity, T is the temperature, P is the pressure and x i is the mole fraction in supercritical phase. When the temperature and the pressure of the system are known, the solubility of solid in supercritical phase is calculated by solving Eq. (1).
Fugacity in solid phase
By neglecting the supercritical fluid solubility in solid phase, assuming the constant solid molar volume and considering the saturation fugacity coefficient of solid to be unity, the fugacity in solid phase can be written as follows:
Sat i P denotes the vapor pressure of solid at temperature T, S i v is the molar volume of solid and R is the universal gas constant.
Fugacity of components in the fluid phase
As it is shown in Eqs. (3) and (4), in order to obtain the fugacity of components in the supercritical phase, an appropriate equation of sate should be considered.
In Eqs. (3) and (4), ϕ shows the fugacity coefficient of the solute in supercritical phase and Z is the compressibility factor of supercritical phase.
The RK-EoS [17] is expressed as follows:
The energy and volume parameters of RK EOS are calculated in terms of the critical properties. The critical properties for pure components are given in Table 1 .
For calculating the molar volume of supercritical CO 2 , Heidaryan and Jarrahian [18] proposed a correction for energy parameter of RK equation of state as a function of reduced pressure and temperature. In this work, for better calculation of solid solubility in supercritical phase, a new correction for energy parameter of RK EOS is proposed as a function of reduced temperature:
In Eq. (8), β is a correction that is written as follows:
In Eq. (9), i belongs to CO 2 or solid solute. Therefore, β 11 -β 12 and β 21 -β 22 are the parameters belonging to solute and CO 2 , respectively. In this investigation, two differences exist in comparison with the work of Heidaryan and Jarrahian [18] . First, the β function includes two parameters for each compound in this work, but the b function includes six parameters for each compound in the work of Heidaryan and Jarrahian [18] . The second difference is that they applied β function in terms of reduced temperature and reduced pressure while in this work β is only expressed in terms of reduced temperature. Therefore, not only our β function is a new function but also our application is different and the proposed model is used for solubility calculation while Heidaryan and Jarrahian calculated the molar volume of supercritical CO 2 . β 11 -β 12 and β 21 In order to optimize the model parameters, a non-linear optimization technique based on the Nelder-Mead simplex algorithm was applied. The Peng-Robinson equation of state (PR EoS) [19] was also considered to determine the fugacity of components in the fluid (supercritical) phase. The PR EoS is written as follows:
In Eq. (11), a and b show the energy and volume parameters, respectively. The parameters of the PR EoS are as follows:
In Eqs. (12) and (13), v shows the molar volume and subscripts c and r indicate the critical and reduced properties, respectively. The α(T) parameter of PR EOS, is expressed as follows:
.
In Eqs. (14) and (15), ω is the acentric factor that represented the acentricity or nonsphericity of a molecule with respect to both the geometry and polarity [29] .
In this investigation, the PR-EOS is combined with van der Waals one (vdW1) and Wong-Sandler (WS) mixing rules.
The van der Waals mixing rule can be written as follows:
In Eq. (17), if k ij is set equal to zero, the mixing rule is named vdW0 instead of vdW1 mixing rule.
The Wong Sandler mixing rule can be expressed as follows:
In Eqs. (19) and (20):
In this paper, the van-Laar activity model is chosen to calculate the excess Gibbs energy in Eq. (22).
Results and discussion
In [10, [20] [21] [22] [23] [24] [25] [26] [27] [28] . To reproduce the solid solubility in supercritical carbon dioxide, the Peng Robinson equation of state (PR EOS) has been applied in combination with the van der Waals (vdW1) and Wong Sandler (WS) mixing rules. In order to determine the parameters of van der Waals (vdW1) and Wong Sandler (WS) mixing rules (i.e. binary interaction parameter), the parameters have been determined by a minimization program. The average absolute relative deviations (AARD%) and the determined parameters for the applied models including PR-vdW1, PR-WS and bRK-vdW0 models have been reported in Table 2 . Figs. 1 and  2 compare the results of PR-vdW1, PR-WS and bRK-vdW0 models with the experimental solubilities of acenaphthene and chrysene in supercritical CO 2 , respectively. It can be concluded that the WS mixing rule is much more accurate than vdW1 mixing rule so that the PR EOS in combination with the WS mixing rule performs more accurately for modeling the solubilities of these solids in supercritical carbon dioxide.
In order to reveal the precision of the proposed EoS (bRKEoS) combining with the simple vdW0 mixing rule, the proposed model has been used to reproduce the solubilities of these twenty solid components in supercritical carbon dioxide. The accuracy of the proposed model and the parameters of the proposed model have been presented in Table 2 . One can see in Table 2 that the proposed model performs much more accurately than the Peng-Robinson EoS and vdW1 mixing rule, even it is better than the couple of PR-EoS and WS mixing rule. By considering the results of the applied models, it can be concluded that the bRK is able to reproduce the solubilities of these twenty solid components in supercritical carbon dioxide. This model does not need any complicated mixing rule so that combination of bRK and the simple mixing rule of vdW0 is a reliable approach of computing the phase equilibrium of (solid + supercritical carbon dioxide) systems. Figure 3 demonstrates the solubilities for Acenaphthene at different isotherms using the proposed model. Also Fig. 4 shows the calculated solubilities versus experimental solubilities for all of 440 points. The close points to solid line show the accurate performance of the applied model so that it is found that the proposed model is able to reproduce the solubility of solids in the SC-CO2 with an acceptable deviation.
Conclusion
A new modified RK equation of state (bRK-EoS) combined with the vdW0 mixing rule proposed to reproduce the solubilities of twenty solids in supercritical carbon dioxide. The parameters of the model have been determined and reported. Additionally, the results of this proposed model have been compared with the PR EoS-VdW1 and PR EoS-WS models. It is found that the relative error (AARD%) between the calculation results and the experimental data for the proposed model is 5.7%. The results showed that the proposed model performs more accurate than PR EOS-VdW1 and PR EOS-WS models. 
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